Abstract: This paper proposes the design of a weighted-rotor energy harvester (WREH) in which the oscillation is caused by the periodic change of the tangential component of gravity, to harvest kinetic energy from a rotating wheel. When a WREH is designed with a suitable characteristic length, the rotor's natural frequency changes according to the wheel rotation speed and the rotor oscillates at a wide angle and high angular velocity to generate a large amount of power. The magnetic disk is designed according to an optimized circular Halbach array. The optimized circular Halbach array magnetic disk provides the largest induced EMF for different sector-angle ratios for the same magnetic disk volume. This study examined the output voltage and power by considering the constant and accelerating plate-rotation speeds, respectively. This paper discusses the effects of the angular acceleration speed of a rotating wheel corresponding to the dynamic behaviors of a weighted rotor. The average output power is 399 to 535 microwatts at plate-rotation speeds from 300 to 500 rpm, enabling the WREH to be a suitable power source for a tire-pressure monitoring system.
Introduction
An energy harvester converts ambient energy into electricity to drive small autonomous devices such as sensors. Researchers have built and tested vibration-based generators by using three types of transducer: electromagnetic, electrostatic, and piezoelectric. Roundy [1] demonstrated that electromagnetic and piezoelectric harvesting mechanisms have a higher energy storage density than that of electrostatic mechanisms. Electromagnetic harvesting mechanisms provide favorable energy density and high reliability and do not require a separate voltage source. Furthermore, energy harvesters that involve this mechanism are compatible with many types of vibrational mode including rotation, oscillation, and hybrid vibrations [2] .
A tire-pressure monitoring system (TPMS) is a device integrated with the pressure sensor, the radio frequency module, the analog-to-digital converter, and the temperature sensor to monitor the pressure inside the tire. A TPMS is typically powered by a lithium battery, which exhibits a limited lifespan, thus constituting an inconvenience for the end user. Therefore, research aimed at developing energy-harvesting devices for use in TPMSs has expanded in recent years [3] [4] [5] . Harvesting energy from tire rotation and from road vibrations are two widely adopted methods for powering a TPMS. The frequency of the external force applied on the wheel is varied with the wheel rotation speed. Hence, a wide bandwidth or similar frequency-adjusting energy-harvesting mechanism is necessary. To adjust the resonance frequency of the energy harvester, Leland et al. [6] presented a tunable-resonance vibration energy scavenger that axially compresses a piezoelectric bimorph to lower its resonance frequency. The compressive axial preload of the piezoelectric energy is adjusted manually. Stanton et al. [7] validated the use of a nonlinear energy harvester capable of bidirectional hysteresis, in which both hardening and softening responses within the quadratic potential field of a power-generating piezoelectric beam (with a permanent magnet end mass) are induced by tuning the nonlinear magnetic interactions. The development of a wide-bandwidth energy-harvesting device is a current research topic [8] [9] [10] [11] [12] [13] [14] [15] .
Research into energy harvesters with wide-bandwidth characters for TPMS applications is progressing. Kanwa et al. [16] developed an energy harvester mounted on the inner tire, demonstrating power generation capabilities sufficient for transmitting tire sensor data multiple times per minute. Wang et al. [17] developed a pendulum-based energy harvester for harvesting energy from a rotating wheel. A seesaw-structured energy harvester for TPMS applications was proposed by Xuan et al. [18] . This design, which can effectively circumvent the influence of enormous centrifugal forces, was tested with an average power of 5.625 μW at 750 rpm. A non-contact piezoelectric energy harvester to generate 3.5 μW at 333 rpm from centripetal force is proposed by Ghaithaa et al. [19] . In order to power TPMS, a piezofiber energy harvester mounted inside the tire to provide 34.5 μJ for one wheel cycle was developed [20] . Although relatively broad bandwidths were achieved in these studies, energy harvesters used in TPMSs should be lightweight and demonstrate sufficient output power at different wheel speeds and accelerations. The TPMS P420A [21] produced by Orange Electronics consumes an average power of 29.6 μW that is measured by a power detector circuit. Considering the power consumption of the TPMS and 30% efficiency of the storage circuit, the output power of the energy harvester should be greater than 100 μW.
We propose a weighted-rotor energy harvester (WREH) demonstrating a wide-bandwidth energy-harvesting capability for TPMS applications. The characteristic length of a weighted rotor is adjusted using an adjustable screw to make the natural frequency of the weighted rotor meet the wheel rotation frequency. The well-weighted rotor, which exhibits no jump phenomenon at huge car acceleration speed, is approved in the dynamic analysis section. Previous research [22] has only considered the constant car speed. The magnetic flux density varied with the sector-angle ratio of the circular Halbach array magnetic disk is analyzed. We propose a novel optimized sector-angle ratio rather than a traditional 1:1 ratio to enhance the electromotive force. The optimized sector-angle arrangement could achieve a suitable electromagnetic damping value in the smallest volume of the magnetic disk. The transient response and output voltage of WREH are provided in the numerical results and experiment when the plate-rotation speed was accelerated. The remainder of this paper is organized as follows: Section 2 presents detailed simulations of the weighted rotor based on various parameters and wheel accelerations, and the optimization of the circular Halbach array magnetic disk. Section 3 presents the construction of power generation equations, the experimental setup, and comparisons between the numerical and the experimental results of using the prototype, regarding power generation at different wheel speeds under various acceleration conditions. Finally, the conclusion of this study is provided in Section 4. Figure 1 shows the schematic diagram of the proposed weighted rotor, pivoted off-center on a wheel. Considering a fixed frame of reference oxy, the locations of the pivot and the wheel center are (x1, y1) and (x0, 0), respectively. The outer radius of the wheel is R1; the distance between the pivot of the weighted rotor and the wheel center is R2. The angular displacement, velocity, and acceleration of the wheel rotation are represented by α, α̇, and α̈, respectively. According to Wang et al. [17] , the dynamic equation of a weighted rotor in a rotating wheel is written as:
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where CT * is the generalized damping constant (including electromagnetic and mechanical damping), g is the gravitational acceleration, and a0 is the linear acceleration of the wheel center. The swing angle, angular velocity, and angular acceleration of the weighted rotor are represented by θ, θ̇, and θ̈, respectively. The characteristic length (L * ) is expressed as: * =
where I is the mass moment of inertia of the weighted rotor and MD is the product of the mass and the distance. The weighted rotor is composed of a rotor base, ball bearing, weighted block, adjustable screw, and magnets. I is the summation of mass moment of inertia of these parts. MD is the product of the mass of the weighted block and the adjustable screw (ma and mb), and the distance (da and db) between the pivot point of the weighted rotor and the center of mass of off-center parts, such as the weighted block and the adjustable screw, which are expressed as:
The position of the adjustable screw is allowed to be moved for fine adjusting L* when the other parameters are determined. Eight sets of pancake coils in a stator base are installed behind the magnets to induce a current and electromagnetic damping force. A ball bearing is mounted at the center of the stator base and is connected to the weighted rotor. A WREH is composed of a weighted rotor, magnets, and coil sets, as shown in Figure 2 . Based on constant car speed (̈ = 0 and a0 = 0), Equation (1) becomes: Figure 3 shows the swing angle θ when the car speed is 50 km/h under the initial conditions θ(0) = 0 and θ̇(0) = 0. θmax is the maximum swing angle defined according to the widest swing angle in one period. Equation (4) describes the dynamic behavior of the weighted rotor at a constant car speed. Linearized sinθ by θ in Equation (5), the natural frequency of the weighted rotor can be written as: The requirement of L * = R2 causes the system to oscillate in resonance at any wheel speed [22] . 
Output Voltage and Electromagnetic Damping
The induced electromotive force (EMF) ε for a coil in a magnetic field is expressed as:
where φ is the magnetic flux. For an energy harvester series connected to an external load, the cross voltage (VL) on the external load is expressed as:
where RL and RC are the resistance of the external load and coil wires, respectively. The output (cross) voltage on the external load is measured using an oscilloscope and the angular velocity (dθ/dt) is calculated according to the rotor turns per second. In this case, RL = 550 Ω and RC = 85 Ω, based on Equations (6) and (7), the average value of dφ/dθ was calculated as 0.059 V·s in different angular velocity experiments. The value of RL is decided to make the damping constant approach to 1.10 N·s·kg −1 ·m −1 . The torque Te caused by the electromagnetic damping to the weighted rotor can be expressed as:
Consequently, electromagnetic damping constant Ce * can be expressed as:
Optimization of Halbach Array Magnetic Circuit
The Halbach array is a periodic arrangement of magnets that augments the magnetic field on one side of the array where the coil sets rotate on, while cancelling the magnetic field on the other side. This magnetic field distribution improves the induced electromotive force [23] . Figure 6 shows the Halbach array concept arranged in a circular shape, with the red arrows representing the flux orientation of each magnet. The circular Halbach array disk is composed of 16 magnetic sector blocks and four periods in one circle. There are four types of magnetization direction, two opposite axial (y-axis) directions, and two opposite tangential directions in one period, as shown in Figure 6 . To pursue a high gradient of magnetic flux density for high power generation based on the same magnetic disk volume, the sector angles of the magnetic blocks should be optimized. In other words, the optimized sector-angle arrangement could achieve suitable electromagnetic damping value in the smallest magnetic disk. The sector-angle ratio rm as the parameter to be optimized is defined by the ration between the axial-direction sector angle a to the radial-direction sector angle b. Because the relative motion between the circular Halbach array disk and coil sets is on the x-z plane, the y component of the magnetic flux density above the circular Halbach array disk should be analyzed. The coil rotation region is located between the inner and outer radius of the magnetic disk and is above the upper surface of the magnetic disk from 2 to 5 mm, as shown in Figure 7a . The magnetic field strength was calculated using COMSOL 4.2a software (COMSOL, Burlington, MA, USA) with a finite element module and the residual magnetism of each magnet set at 1.4 T. The relative permeability of the Neodymium-Iron-Boron (NdFeB) magnets and air are set at 1.05 and 1.00, respectively. The Y component of the magnetic flux density in the different altitudes from the upper surface of the magnetic disk to the altitude plane is shown in Figure 7b . Considering the uniform distribution of coil turns in each layer, the Y component of magnetic flux density for any rm in EMF calculation is determined according to the average value from the altitude planes of 2-5 mm (the thickness of the coil set), as shown in Figure 7c . Figure 8 shows the EMFs for different sector-angle ratios based on the same magnetic disk volume with an angular speed of 1 rps and the parameters listed in Table 1 . The sector-angle ratios are plotted on logarithmic coordinates along the horizontal axis, and the sector angles are also indicated in Figure 8 . A higher rm causes the circular Halbach array magnetic disk to approach the multipolar magnetic disk magnetized in tangential directions. Conversely, a lower rm causes the circular Halbach array magnetic disk as the multipolar magnetic disk magnetized in axial directions. The optimal rm for the largest EMF is located between the highest and the lowest rm. Moreover, rm = 1 is not the optimal design. As shown in Figure 8 , rm = 19/26 provides the largest EMF as the optimal value of the sector-angle ratio for the circular Halbach array magnetic disk applied to the energy harvester for dimensions of the magnetic disk in this paper. 
Experiments and Results
To verify the power generation and dynamic behavior of the energy harvester, a speed-controllable rotation plate was implemented, as shown in Figure 9 . The rotation plate was driven by an AC servomotor connected to a motion-control card to set the rotation and acceleration speeds. A slip ring was mounted at the rotation center of the plate to connect the energy harvester to the oscilloscope used to measure the output voltage from the energy harvester. Figure 10a shows a prototypical WREH that involves integrating the weighted rotor and the base with coil sets. The weighted rotor of the prototype is composed of brass, on which 16 NdFeB sector magnets are mounted rigidly, according to the optimum rm = 19/26, as shown in Figure 10b The power generation from a WREH is the power consumed by the external resistor and is calculated using integration over an entire period from t0 to t1, the electromagnetic damping obtained from Equation (9) as well as the square of the angular velocity of the weighted rotor: Table 2 shows the average voltage and power generation from a WREH at various constant plate-rotation speeds. Both the numerical and experimental results demonstrate that the output power and the average voltage obtained from the energy harvester increased monotonically, with the plate-rotation speed contributing to the high angular velocity of the weighted rotor (dθ/dt), inducing a large EMF. With the increase of the plate-rotation speeds, the centrifugal force applying to the ball bearing also intensifies, thereby increasing the kinetic friction force that induces a high mechanical damping constant. Consequently, while the rotation plate was accelerating, the increasing rate of the output voltage in the experiments was lower than that in the simulations. The output voltage differences between the simulations and the experiments at high plate-rotation speeds are attributed to the large kinetic friction force. 
Conclusions
This study proposes a WREH composed of a weighted rotor for use in TPMS applications considering the power generation. The numerical analysis and experimental results reveal that several hundred microwatts of output power are achievable for a WREH. If the characteristic length L * is equal to R2, then the natural frequency of a well-weighted rotor matches the rotation frequency of the car wheel. Consequently, resonance occurs at any wheel speed, and the well-weighted rotor demonstrates no jump phenomenon at either the constant or acceleration speeds of the rotation plate. To provide a suitable L * , the weighted condition can be fine-adjusted using the adjustable screw. The extremely high angular acceleration of the plate causes only a transient response within 2-5 s and does not affect the steady-state response of a well-weighted rotor. Therefore, oscillation at a wide angle and high angular velocity is feasible for generating high power. The mathematical model of output voltage and power generation employed in numerical simulation demonstrated favorable agreement with the experimental results. In the experiments, when the plate-rotation speed is 300-500 rpm-which is equal to normal car speeds of 33.9-59.5 km/h-the power generation of a WREH is between 399 and 535 μW. These results demonstrate that a WREH has the potential to be a power source for a TPMS.
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